Ca 2+ channels display remarkable selectivity and permeability, traditionally attributed to multiple, discrete Ca 2÷ binding sites lining the pore. Each of the four pore-forming segments of Ca 2+ channel el subunits contains a glutamate residue that contributes to highaffinity Ca 2÷ interactions. Replacement of all four P-region glutamates with glutamine or alanine abolished micromolar Ca 2+ block of monovalent current without revealing any additional independent highaffinity Ca 2. binding site. Pairwise replacements of the four glutamates excluded the hypothesis that they form two independent high-affinity sites. Systematic alterations of side-chain length, charge, and polarity by glutamate replacement with aspartate, glutamine, or alanine weakened the Ca 2. interaction, with considerable asymmetry from one repeat to another. The P-region glutamate in repeat I was unusual in its sensitivity to aspartate replacement but not glutamine substitution. While all four glutamates cooperate in supporting high-affinity interactions with single Ca 2+ ions, they also influence the interaction between multiple divalent cations.
Introduction
Ca 2+ channels are highly specialized enzymes that catalyze the downhill flow of Ca 2~ into cells, thereby initiating a variety of signal transduction cascades. They perform this task with great efficiency, allowing Ca 2+ permeation with rapid turnover rates, while showing exquisite selectivity for Ca 2. over other more abundant extracellular ions like Na ÷ (Tsien et al., 1987; H ille, 1992) . These capabilities are particularly interesting from an evolutionary standpoint, insofar as Ca 2~ channels may have evolved from a nonselective cation channel akin to a cyclic nucleotidegated channel (Heginbotham et al., 1992) , and in turn may be ancestrally related to Na ÷ channels (Heinemann et al., 1992) . The molecular basis of Ca 2+ channel selectivity and ion permeation has been partially elucidated by analysis of its structural determinants. A set of four glutamate residues, located at a homologous position in each of the four repeats of Ca 2÷ channel ~ subunits, appears to lie within the pore and to interact with Ca 2+ and other divalent cations * Present address: Department of Physiology/Howard Hughes Medical Institute, University of California at San Francisco, Third and Parnassus Avenues, San Francisco, California 94143. (Kim et al., 1993; Tang et al., 1993; Yang et al., 1993) . Knowledge of the importance of these P-region glutamates raises additional questions, but also provides a basis for new strategies to test diverse proposals for how the Ca 2+ channel selectivity and ion permeation is achieved.
One well-known hypothesis (Almers and McCleskey, 1984; Hess and Tsien, 1984) postulates the existence of two discrete, high-affinity Ca 2+ binding sites, positioned at opposite ends of the pore, somewhat analogous to multiple Ca 2÷ binding sites in EF-hand proteins such as calmodulin (Kretsinger, 1980) . It was proposed that Ca 2+ selectivity occurred by binding of Ca 2+ at high-affinity relative to other ions; and rapid elution of Ca 2+, necessary for rapid flux, was attributed to ion-ion interaction within the singlefile pore, possibly through electrostatic repulsion (Tsien et al., 1987) . Experimental studies have provided support for the multi-ion nature of the pore (Friel and Tsien, 1989; Yue and Marban, 1990; Rosen berg and Chen, 1991) . More recent proposals have incorporated basic aspects of the 1984 model, but have invoked different structural conceptions of how the pore interacts with Ca 2÷, Hess (1993a, 1993b) provided evidence for a scheme that preserves the idea of multiple sites of intrinsically high Ca 2~ affinity, but that positions the sites close together near the outer mouth of the channel. Armstrong and Neyton (1992) advanced a model with a single site, with intrinsically high affinity for only one Ca 2÷ ion, which can also interact weakly with a second incoming Ca 2+. In this paper, we present a mutational analysis that tests these hypotheses.
Results
Previous work has suggested that the four glutamate residues constitute at least one of the proposed high-affinity Ca 2÷ binding sites (Kim et al., 1993; Tang et al., 1993; Yang et al., 1993) . In an effort to uncover any additional high-affinity sites, we constructed two quadruple mutants in which the glutamate residues in all four repeats were replaced with either glutamine or alanine. Complementary RNAs encoding the quadruple mutant channels or wildtype channels (WT) were injected into Xenopus oocytes, and whole-cell currents were recorded 5-15 days later. The quadruple glutamine (Q4) mutant and the quadruple alanine (A4) mutant both displayed voltage-dependent gating ( Figure 1 ) and dihydropyridine (DHP)-sensitivity (data not shown), suggesting that their overall structure was intact. However, their permeation properties differed sharply from wild-type when studied with either 100 mM Li + or 40 mM Ba 2+ as external charge carriers. In both quadruple mutants, inward Li ÷ ( Figure 1A ) and Ba 2÷ ( Figure  1B ) currents were much smaller than in wild-type channels. On the other hand, both mutants exhibited prominent outward currents, presumably carried by K ÷ ions, so their whole-cell current-voltage (I-V) relations displayed strong outward rectification ( Figure 1C ). The changes in ion selectivity were studied quantitatively by measurements of the Ca 2÷ channel reversal potential, Erev (see Hess et al., 1986) . With 100 mM external Li ÷, Er,v averaged -9.2 __+ 0.4 mV(mean _ SEM, n = 5) in the Q4 mutant and -9.5 __. 1.2 mV (n = 6) in the A4 mutant, significantly more negative than Erev for wild-type channels (+2.5 _ 1.1 mV; Yang et al., 1993) . These data indicate that the mutations bring about a small decrease in the relative permeability to Li ÷ (PdPK). Larger changes were seen in the reversal potentials with 40 mM Ba 2+ in the external solution. Erev averaged +67 -0.1 mV in wild-type (n = 7; Yang et al., 1993) , but decreased to +18.5 _ 3.7 mV in Q4 (n = 4), and <-20 mV in A4 (n = 6). Thus, the relative permeability for Ba 2÷ (PBa/PK) was strongly reduced in the Q4 and even more so in the A4 construct.
Ca 2÷ interactions with the quadruple mutant channels were assessed by studies of Ca 2+ block of Li ÷ currents Yang et al., 1993) . In contrast to IL~ in wild-type, which was reduced by 50% at 0.97 pM Ca 2÷, half-block in the Q4 and A4 mutants required Ca 2÷ concentrations of 1.0 mM and 1.2 mM, respectively (Table  1 and Figure 2) . Thus, replacement of the four glutamates weakened the apparent affinity for Ca 2+ by more than 1,000-fold. These results underscore the fundamental importance of the four P-region glutamates in divalent cation selectivity and permeation. It appears that all high-affinity binding of divalent cations occurs within their realm. Models that invoke a well-separated second binding site composed of distinct residues (Figure 2 , inset) seem unlikely.
Cadmium ions are commonly used as inorganic blockers of Ca 2+ channels and are known to interact with binding determinants within the pore (Tsien et al., 1987) . Cd 2÷ serves as a probe for Ca 2+ binding sites, often exhibiting more strict requirements for ligand interactions than Ca 2÷ itself (Frausto da Silva and Williams, 1991; Lippard and Berg, 1994) . Cd 2+ block of Li + current was studied for both the Q4 and A4 mutants ( Figure 2B ). While the ICso value for Cd 2÷ block of lu was 1.4 nM for wild type (Yang et al., 1993) , it was -10 I.tM for Q4 and 300 I~M for A4. Thus, the sensitivity to Cd 2+ block was changed 7,000-to 210,000-fold--to an even greater degree than the sensitivity to Ca 2+ block for both of the mutants. The Q4 or A4 mutations produce drastic alterations in the net charge of amino acid side chains presumed to protrude into the pore. We also examined the effect of conserving negative charge while altering side-chain length, by replacement of all four conserved glutamates with aspartates. As illustrated in Figure 3A , the ICs0 value for Ca 2+ block of ILi was found to be -20 I~M. Thus, with respect to the apparent affinity for Ca 2+ ions, the behavior of the quadruple aspartate (D4) mutant was intermediate between WT on one hand and Q4 and A4 on the other. A reasonable interpretation is that the Glu~Asp mutations change the positions of charged carboxylates and thereby weaken the interaction with the divalent cation. Figure 3B compares the D4 mutant to the Q4 and A4 constructs with respect to block by Cd 2+. Interestingly, relative to WT, the D4 mutant showed a greater log unit displacement than the Q4 mutation, suggesting that changes in side-chain length have a greater impact on the Cd 2+ interaction than charge alone. This seems consistent with the known chemical characteristics of Cd 2÷ and the more stringent dependence of its binding on coordination geometry (see Discussion).
Mutations at the glutamate locus altered the voltagedependence of divalent cation block, in addition to changing its concentration dependence. This was studied by applying a strong depolarizing prepulse to open Ca 2+ channels, then monitoring tail currents over a range of different test potentials. The tail currents were prolonged by FPL 64176, a powerful agonist of L-type channels, to facilitate accurate measurement of their peak amplitude (Zheng et al., 1991; Sather et al., 1993) . The Li ÷ current in the presence of a fixed concentration of Ca 2+ was expressed as a fraction of that previously determined in the absence of divalent cations (Figure 4 ). Wild-type channels displayed a characteristic relief of Ca 2+ block at increasingly negative potentials, like that previously reported for endogenous Ca 2÷ channels in excitable cells (e.g., Fukushima and Hagiwara, 1985) . This phenomenon has been attributed to voltage-dependent acceleration of the exit of blocking ions into the cytoplasm. In the A4 mutant, the fractional block by Ca 2÷ was essentially constant over the entire range of negative potentials ( Figure 4A) ; this was seen with 1 mM external Ca 2+ (diamonds) and also with 3 mM Ca 2÷ (inverted triangles), which produced a greater degree of block, as expected. Similar results were obtained with the Q4 and D4 mutants ( Figure 4B ). In these cases also, Ca 2÷ block is neither significantly accentuated nor relieved by increasingly negative membrane potential. The absence of any relief of block with increasing hyperpolarization suggests that the blocking Ca 2+ ion encounters a large energy barrier somewhere along the permeation pathway that prevents it from escaping to the cell interior. This is consistent with the greatly reduced divalent current in A4 (see Figure 2 ). On the other hand, the lack of a significant enhancement of block with progressive hyperpolarization suggests that the blocking ion lodges at a position near the outer limit of the electric field, presumably at the outer mouth of the pore. Thus, while the affinity for Ca 2+ is greatly reduced in each of the quadruple mutations, the block that occurs at high external Ca 2+ concentrations still involves a superficial locus of interaction.
Effects of Pairwise Replacement of Glutamates
One may conceive of many arrangements of the four glutamates that could give rise to strong interactions with Ca 2÷ ions. For example, they might form a single high-affinity Ca 2÷ binding locus (Armstrong and Neyton, 1992) or two high-affinity binding sites in close proximity Hess, 1993a, 1993b) . Two closely spaced sites could be achieved if the four glutamate carboxylates were grouped in two subsets, each contributing to an intrinsically highaffinity site ( Figure 5A ). Indeed, Varadi et al. (1995) have proposed a specific version of this model that puts Ell and EIV at an outer site and El and EIII at an inner site. To test this general class of schemes, we replaced the glutamates two at a time, in all six possible combinations, using alanines as the substitutes. Divalent cation permeation and block were examined in each of the six Ala2Glu2 mutants. A clear inward Ba 2+ current was observed in each of the double mutants, as exemplified by EIA. EllA ( Figure 5B ). This shows clearly that divalent cations have access to the entire length of the pore. Figure 5C displays the concentrations of Ca 2+ required to reduce Li* current to half its amplitude in the absence of Ca 2+. The half-blocking Ca 2+ levels ranged between 146 pM and 495 I~M. The ICso value with Ell and EIV operative was 437 I~M, and with El and EIII intact, 203 I~M. Thus, in sharp contrast to wild type (IC50-1 pM), each of the double mutants exhibited greatly reduced susceptibility for Ca 2+ block of Li + current, with ICso'S approaching that found for the quadruple mutants. These results are inconsistent with hypotheses in which the glutamates are divided up into two distinct binding sites. If this were the case, one or more of the mutant channels would be expected to show clear high-affinity Ca 2+ block of monovalent current but no divalent current. In fact, the experimental results show the opposite: no high-affinity Ca 2+ block, but significant divalent current. Relative magnitude of tail current carried by Li + in the presence of Ca 2~, normalized by that in the absence of Ca 2+ at each membrane potential. Tail currents evoked by sudden repolarization following a 300 ms pulse to +60 mV. External free Ca 2+ concentration was 1 p.M for the wild-type channels (closed circles), 1 mM Ca 2* (diamonds), or 3 mM Ca 2+ (inverted triangles) for A4 (A), and 1 mM for Q4 (circles) and 30 iiM for D4 (triangles)(B). Each point is an average of 3-8 cells; SEM is smaller than the symbols. 
Effects of Systematic Alterations in Individual Amino Acid Side Chains
All of the combinatorial substitutions at the glutamate residues support the hypothesis that high-affinity divalent cation binding is restricted to a single locus, that formed by the four glutamates acting in concert. It was of interest to explore possible interactions between Ca 2+ ions and individual amino acid side chains at the glutamate locus.
To this end, we made a systematic series of single amino acid substitutions, replacing the individual glutamates with either aspartate, glutamine, or alanine. As illustrated in Figures 6A and 6B, Ca 2+ block of Li + current was characterized for each of the mutants for comparison with WT. In all cases, the Ca 2+ concentration dependence conformed to a simple one-to-one binding curve. However, there was a very interesting variation in the impact of the mutations, among the various kinds of substitutions and from one amino acid position to another. In repeat I, the Glu--Asp mutation increased the ICso 20-fold relative to WT, while the effect of the Glu~GIn substitution was only a 2-fold change. The opposite was found for repeat IV: here, the Glu-,Asp mutation produced only a relatively mild change in ICs0, while the effect of Glu--,GIn was a full log-unit shift. In this respect, repeat I stands out with respect to the other repeats, which are well represented by repeat IV. This is seen clearly in Figure 6C , which shows the Ca 2+ concentrations necessary for half-block of Li ÷ current for each of the twelve point mutants. Several conclusions emerge from examination of the overall pattern of changes in ICso. The length, charge, and polarity of each of the individual side chains has a significant influence on the Ca 2÷ interaction at each of the four key positions; the half-blocking concentration in the mutant is elevated relative to wild type in all cases. Furthermore, there is considerable asymmetry in the functional impact of individual carboxylate side chains from one repeat to the next. We gained additional information on the interactions between the glutamate locus and divalent ions by considering inhibitory effects of cadmium ions on both monovalent and divalent ion currents (Figure 7) . The characteristics of Cd 2+ block of Li + currents ( Figure 7A ) are the most directly comparable with those of Ca 2+ block of Li + currents (see Figure 6C ). There are some qualitative similarities. Glutamate replacement with alanine is even more powerful than substitution with glutamine in weakening Cd 2+ interaction, as already shown for Ca 2+ block. The Glu--Asp mutation is also very potent, and surpasses the effectiveness of Glu~GIn when implemented in repeats I and II. Substitutions in repeat Ill had greater impact in general than equivalent changes in other repeats, suggesting that it makes the single most prominent contribution to Cd 2+ binding, just as it does for Ca 2+ (Yang et al., 1993) . The main quantitative difference between Ca 2+ and Cd 2+ block was that half-blocking concentrations of Cd 2+ vary by more than 1,000-fold, far in excess of the 30-fold range of values found for Ca 2÷.
It is interesting to compare features of Cd 2+ block of Li + current with Cd 2+ block of Ba 2+ current ( Figure 7B ). While the overall pattern of changes in ICs0 is similar, there are many differences in detail. The most obvious contrast is that the impact of individual mutations is much less pronounced with Ba 2+ as the charge carrier.
Can Mutations at the Glutamate Locus Affect the Binding of Multiple Ions Simultaneously?
The Ca 2+ channel pore can interact with multiple divalent cations at the same time (Almers and McCleskey, 1984; Hess and Tsien, 1984; Friel and Tsien, 1989; Yue and Marban, 1990; Kuo and Hess, 1993a , 1993b , 1993c ). This property is thought to be crucial for the rapid throughput of Ca 2+ ions under physiological conditions (Tsien et al., 1987) . The simultaneity of such interactions has been demonstrated in native Ca 2+ channels by studies of the competition between permeant ions and pore-blocking ions. Increasing the Ba 2+ concentration in the millimolar range not only slows the on-rate for Cd 2+ block but also speeds the rate of Cd 2÷ unblock ). An effect of permeant ions on the exit of a blocking ion indicates that both species of ions can occupy the pore at the same time. Competition among various species of ions was also manifest in our experiments in recombinant L-type Ca 2÷ channels. The potency of Cd 2÷ block depended strongly on whether or not another divalent cation was present (Figure 8) . In all cases, the IC~o for Cd 2÷ block was considerably higher when the current carrier was Ba 2÷ rather than Li +, presumably reflecting a much stronger interaction between the pore and Ba 2÷. Figure 8A shows that this is a very substantial effect for wild-type L-type channels, the IC5o for Cd 2÷ block being -200-fold greater with 40 mM Ba 2÷ than with 100 mM Li ÷. Given the existence of Ba2+-Cd 2÷ competition, a key question is whether it occurs within proximity of a single cluster of glutamates (Armstrong and Neyton, 1992; Kuo and Hess, 1993b) or whether it reflects remote interactions between ions located at widely separated sites (Almers and McCleskey, 1984; Hess and Tsien, 1984) . If the glutamates can interact with more than one divalent cation simultaneously, one would expect that mutations that influ- enced Cd 2+ block would also alter the ability of Ba 2+ to displace Cd 2+. This prediction was fulfilled. In mutant EIIIA, for example, the IC5o for Cd 2+ block of Ba ~+ current was only -10-fold greater than that for block of Li ÷ current ( Figure 8B ). Collected data for all of the single alanine mutants showed a consistent reduction compared to wild type in the relative effectiveness of Ba 2+ to displace Cd 2+ ( Figure 8C ). These results lend weight to the notion that the set of four glutamates can support simultaneous interactions with two or more divalent cations, in this case, Ba 2+ and Cd 2+.
Discussion
We have described changes in the permeation properties of the L-type Ca 2+ channel arising from mutations at key glutamate-containing positions in its putative pore-lining segments. Systematic modifications of the carboxylate side chains in each of the four repeats were carried out, both individually and in multiple groups. The characterization of these mutants has provided new insights into molecular features that are critical for Ca 2+ channel selectivity. Our results are also relevant to understanding the overall relationship between Ca 2+ channels and K ÷, Na +, and cyclic nucleotide-gated channels. The study of Ca 2+ channel properties is of particular interest because Ca 2. channels can work effectively as either divalent or monovalent cation channels and because the determinants of their ion selectivity can be so precisely specified. Furthermore, the existence of four tandem repeats in Ca 2+ channel ctl subunits facilitated repeat-specific tests. In examining effects of glutamate replacements one, two, and four at a time, we found that none of the mutations prevented the L-type Ca 2+ channels from opening in response to depolarization, or from responding to known pharmacological modifiers of L-type channels such as dihydropyridines or FPL 64176. While inward currents carried by Ba 2+ or Li + were sharply altered in many of the mutants, outward currents were never lost. Thus, we believe that large-scale changes in the overall structure of the channel are highly unlikely. It seems much more reasonable to attribute the effects of the mutations to relatively local changes in the composition or configuration of amino acid side chains protruding into the lumen of the pore.
Tests of Hypotheses Invoking Multiple Loci for High Affinity Ca 2÷ Binding
Micromolar interactions with Ca 2+ ions were completely abolished when glutamines or alanines were used to re-place all four glutamates or even two of these conserved residues. These mutations increased the half-blocking Ca 2+ concentration by more than 1,000-fold, leaving no hint of a second high-affinity site. The residual Ca 2+ sensitivity is probably due to binding at or near the superficial locus originally formed by the glutamates. The inhibition at millimolar Ca 2+ seems to take place by blockade within pore, since its severity was affected by the direction of monovalent current flow (data not shown). This residual block by Ca 2" was not relieved by hyperpolarization, indicating that the blocking ion encounters a large energy barrier and cannot penetrate all the way through the pore. This fits with the inability of the A4 and Q4 mutants to support a measurable Ba 2+ current. The block was not significantly accentuated by hyperpolarization either, as if it occurred outside of the region of steep electrical gradient, at the outer mouth of the pore rather than deep within it.
In the case of the quadruple mutants, it might be argued that a micromolar binding site still remains deep within the pore but cannot be accessed by divalent cations because of a large energy barrier created by the elimination of the glutamates. However, this caveat cannot apply to double alanine or double glutamine mutants, where the Ca 2+ interaction is also greatly weakened. For the double mutants, a sizeable inward divalent current remains, leaving no doubt of the accessibility of sites along the original permeation path. Together, the behavior of the double and quadruple mutants effectively rules out scenarios in which the Ca 2" channel pore contains a second high-affinity site, independent of the first one. Thus, the original multisite model proposed by Hess and Tsien (1984) and Almers and McCleskey (1984) must be modified.
Cooperative Effects of All Four Glutamates on the Binding of a Single Ca 2÷ Ion
The pairwise replacements also exclude the hypothesis that the four glutamates split up pairwise to help form two completely independent sites, each possessing high-affinity for a divalent cation (cf. Varadi et al., 1995) . The mutual interactions between the four carboxylate residues can be examined more quantitatively by analysis of how the impact of a particular set of amino acid replacements varies when it is imposed on the wild-type channel or against an already mutated background. A dependence on the context would be indicative of an interplay between various alterations, and presumably, between the original carboxylates, either among themselves or as they interact with a bound Ca 2. ion. This can be expressed in terms of a thermodynamic mutant cycle (Carter et al., 1984; Hidalgo and MacKinnon, 1995) . In applying this formalism, we treat the blocking process as if it were in equilibrium, recognizing that the measured ICs0s are only approximations of the equilibrium dissociation constant that would be measured if single Ca 2+ were absolutely unable to escape to the cytoplasm.
As a concrete example, let us consider the alterations in half-blocking Ca 2+ concentration produced by E~A substitutions in repeats I and II and repeats III and IV, by themselves and in combination. Whereas E-~A replacement in repeats I and II produced a 510-fold increase in IC50 in the context of the wild-type channel, the same replacement produces a less than 4-fold change against the background of E~A replacement in repeats III and IV. In the formalism of thermodynamic mutant cycles, the ratio of these changes (~) may be defined as follows: The same kind of analysis can be applied to single E~A replacements. For example, while the E--*A mutation in repeat III increases the ICs0 by 53-fold in the absence of any other mutation, the same replacement raises ICso by only 16-fold against the background of EllA. This yields an ~ value of 3.2. The estimates of ~ are summarized in Table 2 . Estimates of D between 3 and 4 were found for all combinations among EllA, EIIIA, and EIVA. While more modest than ~ for combinations of double mutations, the values are well above unity and thus demonstrate a significant interaction between the individual alterations. The results provide additional support for the conclusion that the glutamates act cooperatively in supporting Ca 2+ binding, the incremental contribution of the last carboxylate generally exceeding that of the penultimate carboxylate. The £z value equals the incremental change in IC~o produced by EnA mutation (WT background) divided by the incremental change in IC~0 produced by EnA mutation, EmA background
The E~A mutation in repeat I was somewhat unusual in that pairing this with other mutations gave rise to smaller values of ~, including a ratio of only 0.65 for the specific combination of EIA and EllA. This can be restated in terms of how the repeat I glutamate helps stabilize Ca 2+ binding: the incremental energetic contribution of this carboxylate is diminished rather than enhanced by the presence of the carboxylate in repeat II. This provides a clue that the glutamate in repeat I may be unusually constrained in the way that it supports the interaction with Ca 2÷ (see below).
The Nature of the High-Affinity Locus for Divalent Cation Interaction
The impact of individual amino acid side chains was studied in detail by making an extensive series of point mutations at the positions of the four homologous glutamates (see Figure 6 ). Replacement by aspartate, glutamine, or alanine provided systematic variations in the chain length, net charge, and polarity of key amino acid side chains in each of the four repeats. The characterization of aspartate and alanine replacements (see Figure 6 ) went beyond previous studies of effects of glutamine substitutions Tang et al., 1993; Yang et al., 1993) . Much of the analysis focused on alterations in pore interactions with single Ca 2. ions, but we also carried out parallel experiments with Cd 2÷. Overall, the results revealed some very interesting patterns.
Purely Electrostatic Effects or Direct Coordination by Glutamate Side Chains?
One major question was whether each carboxylate undergoes direct liganding interactions with Ca 2+, or whether some merely provide favorable through-space electrostatic interactions. A good example of an electrostatic interaction at a distance is the influence of Glu422 of the Shaker B channel on block of this K + channel by charybdotoxin (MacKinnon and Miller, 1989) . Asp, Gin, and L.ys mutations indicated that the net charge on the side chain determined the affinity for the toxin according to a simple Coulombic electrostatic model, a result supported by further variations in the external ionic strength. This idea may be tested for the Ca 2+ channel by comparing the behavior of forms of the channel with equal net charge at the key positions. If a particular side chain acted through a remote through-space electrostatic interaction, one might expect a rough equivalence between negatively charged glutamate (WT) and aspartate side chains and, similarly, between neutral glutamine and alanine replacements. If, on the other hand, a carboxylate were to directly coordinate the divalent cation, shortening the side chain with a Glu---Asp substitution might weaken the interaction considerably. In fact, the results show that Ca 2÷ block is considerably less potent for the alanine mutant than for the corresponding glutamine mutant in each of the four repeats. In each case, substitution of glutamate with aspartate also weakens the Ca 2÷ interaction to at least some degree. In the case of Cd 2÷ block, the Glu---Asp substitution can alter the half-blocking concentration by 100-fold or more. Together, these results weigh strongly against the hypothesis that any of the side chains participate in the stabilization of Ca 2+ via remote electrostatic interaction alone. On the contrary, the results in Figure 6 seem quite compatible with the idea that each of the four side chains engages in direct ligand interactions with divalent cations. The prevailing order of IC~os, Ala>GIn>Asp>Glu, conforms to expectations based on Ca 2÷ coordination in proteins of known three-dimensional structure, where negative side chains appear more effective than polar or neutral ones in promoting high affinity interactions (Falke et al., 1994) .
Asymmetry of Individual Repeats
While all four carboxylate side chains participate in coordination of a divalent cation, their contributions are far from equal. There were significant variations from repeat-torepeat in the quantitative impact of alterations such as shortening the carboxylate side chain or replacing the carboxylate with a carboxamide, in support of the nowaccepted idea of a radial asymmetry with the Ca 2÷ channel pore (Kim et al., 1993; Yang et al., 1993; Yatani et al., 1994) . This paper presents what may be the most striking example of such asymmetry found so far. Mutations at the conserved glutamate position in repeat I stood out in striking contrast to the general pattern seen in the other repeats. In repeat I, Glu-*Asp produced a 20-fold change in IC~o, whereas Glu--GIn gave only a 2-fold change (see Figure 6 ). A possible interpretation is as follows. First, El acts differently than other residues such as EIII, which can provide bidentate carboxylate ligands for stabilizing the divalent cation. Second, so long as the other side chains are intact, El is sterically constrained to contribute only a single O group for Ca ~÷ coordination; hence, E-~Q produces little effect. Third, the positioning of the single O group is critical; hence, E~D exerts a large effect. Finally, elimination of the carboxylate in motif II effectively removes the geometrical constraint and accentuates the incremental stabilizing effect of El.
The relative potency of the aspartate substitution relative to the glutamine substitution was also seen with Cd 2÷ block of Ba 2+ current (see Figure 7) . In this case, however, it was repeats II and IV that showed the relatively high sensitivity to the Glu~Asp mutation. The interpretation of these results must await a more detailed hypothesis built around a more specific idea of how the side chain carboxylates might be arranged (cf. Kuo and Hess, 1993b; Yang et al., 1993) . Much of the challenge is to determine how the local environment around the key individual glutamates influences their disposition (Guy and Durrell, 1995) . The importance of neighboring residues is underscored by well-known differences in single channel conductance between various channels, and reported differences in the potency of Cd ~÷ block of Ba 2+ currents for equivalent mutations in the pore region. However, there is no hint as yet of involvement of any other side chains near the four glutamates in directly coordinating divalent cations (see Yang et al., 1993) .
Unusual Ca 2* Responsiveness of Quadruple Asp Mutant
Additional clues to the importance of the geometry of the locus of carboxylates may be gleaned from the behavior of the quadruple mutant in which the four conserved glutamates were each replaced with aspartates (see Figure  3A) . This mutant appeared to be an exception to the predominant pattern of behavior found in other constructs, where the dose-response relationships for Ca 2÷ or Cd 2÷ blockade were generally well-fit with one-to-one binding curves. This was true for the Q4 and A4 mutants (see Figure 2 ), the set of double mutants (see Figure 3) , and all the single mutants (see Figure 6) , regardless of whether the charge-carrying species was Li* or Ba 2~ (see Figure  8 ). In contrast, Ca 2+ block of Li + current through the D4 channel displayed a dose dependence that was much broader than that predicted for one-to-one binding and complete Ca 2+ block. Although 30 t~M Ca 2÷ blocked more than half the current, 3 mM Ca 2+ spared -10% of the current. This is a significant deviation from the expectations for simple one-to-one binding. If the IC~o were <30 pM Ca 2÷, the remaining current at 3 mM Ca 2+ would be expected to be <1% of control. Indeed, inward current was appreciable even at a Ca 2~ concentration as high as 10 mM. One interpretation of the data is that Ca 2. binds in a one-to-one fashion to the cluster of four aspartates and sharply reduces but does not completely occlude the pore with respect to Li ÷ flux. Lack of complete block of Li ~ current might be expected if the four aspartates formed a coordination cage too large to closely surround a single Ca 2+ ion. This kind of scenario has already been proposed for partial block of Na + permeation by Zn 2+ in sodium channels (Schild and Moczydlowski, 1994) , of K + permeation by Mg 2÷ in inwardly rectifying K + channels , and of Na + permeation by Ca 2+ in N-methyi-Daspartic acid receptor channels (Premkumar and Auerbach, submitted). However, other interpretations are also possible. For example, Ca 2+ permeation might contribute to the residual current at the highest Ca 2~ concentrations. Interestingly, Cd 2+ block of Li ÷ current through the D4 channel conforms to a simple one-to-one relationship (see Figure 6B ), suggesting a difference between the divalent cations in their tolerance for an altered coordination structure.
The Locus of Carboxylates Can Also Interact with Two Divalent Cations Simultaneously
While all four glutamate side chains contribute rather directly to the binding of a single divalent cation, the same cluster of four glutamates appears capable of mediating simultaneous interactions with two divalent cations, in accord with proposals of Armstrong and Neyton (1992) and Kuo and Hess (1993b) . The evidence in this paper was based on comparison of the susceptibility of Li" or Ba 2+ currents to block by Cd 2÷ ions. These results indicated that an E~A mutation at any one of the four positions weakens the ability of Ba 2~ to antagonize the Cd 2÷ block. We have extended these observations to the level of single channel behavior and have found comparable changes in the concentration dependence of Ba 2+ acceleration of Cd 2+ unblock (Sather et al., 1995) .
Comparison with Other Ca 2+ Binding Sites
We imagine that the four carboxylate groups may contribute toward a total of six or seven oxygen atoms needed to coordinate a Ca 2* ion with the octahedral or pentagonal bipyramidal geometry that the ion is known to prefer. Similar reasoning has been presented for the Ca 2+ ATPase of the sarcoplasmic reticulum, in which the binding of two Ca 2+ ions is thought to be mediated by glutamate or aspartate side chains from several transmembrane helices (Clarke et al., 1989; Kirtley et al., 1995) . Modelling of Ca 2+ coordination in channels or pumps will certainly benefit from possible analogies to Ca 2+ binding proteins of known three-dimensional structure. In a typical Ca 2÷ binding site of the EF-hand family, the divalent cation is coordinated by five carboxylate oxygens, a carbonyl oxygen, and a water molecule (for review, see Falke et al., 1994) . The participation of backbone carbonyl oxygens and/or water molecules remains an open possibility for the Ca 2+ channel pore. The binding sites in EF-hand proteins and in EGTA, BAPTA, and their relatives avidly bind single Ca 2+ ions but are very reluctant to take on a second Ca 2÷. However, there are precedents for the accomodation of two Ca 2+ ions in close proximity by structural arrangement of a set of carboxylate side chains. In the bacterial protein thormolysin, the separation between Ca 2. ions is a mere 3.8 A (Matthews and Weaver, 1974) . The C-type mannose binding protein includes a highly concentrated locus of oxygen groups that can bind a single Ca 2÷ ion very tightly. The same set of oxygen groups was shown to take on a second, adventitious Ca 2+ ion when the protein was crystallized in millimolar external Ca 2+, presumably as a result of mass action (Weis et al., 1992) . It is intriguing to think that comparable rearrangements of side-chain carboxylates may allow the P-region glutamates to accomodate multiple Ca 2÷ or Ba 2' ions and thereby support divalent cation permeation.
Experimental Procedures

Construction of Point Mutants
The entire protein-coding sequence of the rabbit cardiac L-type Ca 2÷ channel cDNA was subcloned into the vector pSP72 (Promega) or pBluescript SK+ (Stratagene). Pairs of unique restriction enzyme sites were engineered to bracket the SS1-SS2 region in each of the four repeats. Cassette mutagenesis was used to generate single aminoacid substitutions. PCR fragments carring the desired site mutation were cleaved with pairs of appropriate restriction enzymes (Sacl/ BamHI for domain I, Stul/EcoRI for domain II, Sall/SnaBI for domain Ill and Sacll/Bcll for domain IV) and ligated into the appropriate recombinant plasmid cleaved with the same set of enzymes. All mutations were confirmed by sequencing. Wild-type and mutant cDNA constructs were linearized with Xbal and transcribed in vitro with either SP6 or T7 polymerase.
Electrophysiology
Oocytes prepared from Xenopus laevis were injected with -50 nl mRNA mixture that contained equimolar ratios of the c~ (0.1 p.g/p_l), a2 (0.1 p.g/l~l) and 13zb (0.03 #g/pl) subunits (Yang et al, 1993) . Cells were incubated at 18°C for 4-8 days before recording. Whole-cell currents were obtained at room temperature ( -20°C-23°C) using the standard two-electrode voltage-clamp method described previously, filtered at 500 Hz and digitized every 0.5 ms. Currents were elicited every 15 s by 150 ms depolarizing test pulses varying from -20 to +20 mV from a holding potential of -60 mV, and were leak-subtracted by a P/4 paradigm. Dose-response curves were generated according to the Langmuir function in the form of: I/Icon = 1/(1 + [X]/ICs0), where IX] is the concentration of the blocking ion. The fit was performed by a computer program by a least-squares criterion. The Ba 2÷ external solutions contained 40 mM Ba(OH)2, 52 mM tetraethyl ammonium (TEA)-OH, 5 mM HEPES, pH adjusted with CH4SO3 to 7.4. The control Li ÷ bathing solution contained 100 mM LiCI, 10 mM HEPES, 10 mM HEDTA, 14 mM TEA-CI, 15 mM CaCI2, pH adjusted with TEA-OH to 7.4, with an osmolarity of -256 mmol/kg. Free Ca 2÷ concentration in the solution was -3 nM. Li + solutions containing desired concentrations of free Ca 2÷ (up to 30 I~M) were obtained by adding CaCI2 to the control solution and by decreasing the amount of TEA-CI to maintain osmolarity; pH was then readjusted to 7.4. The appropriate amount of CaCI2 was calculated using a computer program written by D. D. Friel, with dissociation constants for Ca 2+ buffers obtained from Martell and Smith (1974;  values for 20°C, 100 mM salt). In sol utions containing 100 mM or more free Ca 2+, HEDTA was omitted and appropriate amounts of CaCI2 and TEA-CI were added. For experiments studying divalent cation block of Li ÷ current, the external Li ÷ solution contained 100 mM LiCI, 10 mM HEPES, 25 mM TEA-CI, pH adjusted to 7.4 with TEA-OH. To remove contaminating Ca 2÷ and other divalent cations, the solution was passed through a "Ca 2÷ sponge" prepared from a heptadentate DTPA-based resin that strongly binds Ca 2÷ (Meyer et al., 1990) . Cd 2÷ was added to the "sponged" Li ÷ solution at desired concentrations.
